We report on the spin properties of individual Mn atoms in II-VI semiconductor strain free quantum dots. Strain free Mn-doped CdTe quantum dots are formed by width fluctuations in thin quantum wells lattice matched on a CdTe substrate. These quantum dots permit to optically probe and address any spin state of a Mn atom in a controlled strain environment. The absence of strain induced magnetic anisotropy prevents an optical pumping of the Mn spin at zero magnetic field. Thus, a large photoluminescence is obtained under resonant optical excitation of the exciton-Mn complex. An efficient optical pumping of the coupled electronic and nuclear spins of the Mn is restored under a weak magnetic field. The observed reduction of the resonant photoluminescence intensity under magnetic field is well described by a model including the hyperfine coupling and a residual crystal field splitting of the Mn atom. Finally, we show that the second order correlation function of the resonant photoluminescence presents a large photon bunching at short delay which is a probe of the dynamics of coupled electronic and nuclear spins of the Mn atom.
We report on the spin properties of individual Mn atoms in II-VI semiconductor strain free quantum dots. Strain free Mn-doped CdTe quantum dots are formed by width fluctuations in thin quantum wells lattice matched on a CdTe substrate. These quantum dots permit to optically probe and address any spin state of a Mn atom in a controlled strain environment. The absence of strain induced magnetic anisotropy prevents an optical pumping of the Mn spin at zero magnetic field. Thus, a large photoluminescence is obtained under resonant optical excitation of the exciton-Mn complex. An efficient optical pumping of the coupled electronic and nuclear spins of the Mn is restored under a weak magnetic field. The observed reduction of the resonant photoluminescence intensity under magnetic field is well described by a model including the hyperfine coupling and a residual crystal field splitting of the Mn atom. Finally, we show that the second order correlation function of the resonant photoluminescence presents a large photon bunching at short delay which is a probe of the dynamics of coupled electronic and nuclear spins of the Mn atom.
I. INTRODUCTION.
The ability to control individual spins in semiconductors nanostructures is an important issue for spintronics and quantum information processing. The control of single spins in solids is a key but challenging step for any spin-based solid-state quantum-computing device 1 . Thanks to their expected long coherence time, localized spins on magnetic atoms in a semiconductor host could be an interesting media to store quantum information in the solid state. Optical probing and control of the spin of individual or pairs of Mn atoms (S=5/2) have been obtained in self-assembled II-VI 2,3 and III-V 4,5 semiconductor quantum dots (QDs). Recent studies of the spin dynamics of Mn atoms in self-assembled CdTe/ZnTe QDs have shown that a strain induced magnetic anisotropy (i.e. crystal field splitting), changing from dot to dot, blocks the electronic Mn spin along the QD growth direction [6] [7] [8] : the precession of the Mn spin in the hyperfine field of its nuclei (I=5/2) or in a weak transverse magnetic field is quenched. This is at the origin of the Mn spin memory observed at zero magnetic field in II-VI QDs 6 . As one aims at performing a fast optical coherent control of the spin of a magnetic atom, using for example the optical Stark effect 9 in a weak transverse magnetic field, the strain induced magnetic anisotropy of the Mn should be suppressed. Strain free Mn-doped QDs would be an interesting model system to probe the coherent spin dynamics of the magnetic atom in a weak magnetic field and would offer the possibility to externally tune the electron nuclei flip-flops with an applied magnetic field to prepare the nuclear spin of the Mn atom.
To obtain strain free magnetic QDs, we developed thin unstrained CdTe/CdMgTe quantum wells (QWs) doped with a low density of Mn atoms and lattice matched on a CdTe substrate. In these structures, localization of the carriers in the quantum well plane is achieved thanks to thickness fluctuations of the quantum wells at the monolayer scale 10 . A low density of Mn atoms is introduced during the quantum well growth and interface fluctuation islands containing individual Mn spins are obtained and optically probed using micro-spectroscopy techniques.
A large exciton-Mn (X-Mn) exchange interaction is obtained and a valence band mixing induced by the elongated shape of the confinement potential is observed both in the emission of neutral and charged magnetic QDs. The large exchange induced splitting of the exciton leads to an efficient thermalization of the X-Mn complex. To analyze the spin relaxation channels within the X-Mn complex in this new magnetic QD system, we performed resonant photoluminescence (PL) under excitation on the s-shell of the Mn-doped QDs. These measurements reveal a fast exciton spin relaxation and some slower spin-flips of the Mn during the lifetime of the exciton. In these strain free structures, we show that there is no optical pumping of the Mn spin at zero magnetic field. The optical pumping is restored under a weak magnetic field in the Faraday configuration. The magnetic field dependence of the resonant PL intensity is well described by a model including the Mn hyperfine coupling and a residual crystal field splitting likely due to alloy fluctuations around the Mn atom. The dynamics of the coupled electronic and nuclear spins of the Mn atom produces a large photon bunching revealed by the second order correlation function of the resonant PL signal.
The rest of the paper is organized as follows: In Sec. II, we describe the sample structure, the experimental techniques used and the basic optical properties of strain free singly Mn-doped QDs. In Sec. III, we analyze the influence of the valence band mixing on the spin properties of neutral and charged strain free Mn-doped QDs. In Sec. IV, we discuss the spin relaxation channels in the exciton-Mn complex. In Sec. V, we show that the optical pumping of the coupled electronic and nuclear spins of the Mn is controlled by a weak magnetic field applied along the QD growth axis. Finally, in Sec. VI, we present auto-correlation of the resonant PL of X-Mn that reveals the dynamics of the coupled electronic and nuclear spins of the Mn atom.
II. SAMPLES AND EXPERIMENTAL
TECHNIQUES.
The studied sample consists of a 4 monolayers thick (1.6 nm) CdT e/Cd 0.7 M g 0.3 T e QW lattice matched to a (001) CdTe substrate. A low density of Mn atoms is introduced during the growth of the thin CdTe QW that is realized by Atomic Layer Epitaxy (ALE) at 280
• C. Both CdT e/Cd 0.7 M g 0.3 T e barriers (40nm thick below the QW and 90nm above the QW) are grown by molecular beam epitaxy. The ALE growth allows for a smoothing of the surface which leads to the presence of terraces with monomolecular steps 11 that are the source of in-plane localisation of the carriers. Non-magnetic and magnetic QDs containing a small number of Mn atoms (1,2,3 ...) are then formed.
Optical addressing of individual QDs is achieved using micro-spectroscopy techniques. A high refractive index hemispherical solid immersion lens is mounted on the surface of the sample to enhance the spatial resolution and the collection efficiency of single dot emission in a lowtemperature (T =5K) scanning optical microscope or in an He bath cryostat equiped with superconducting coils for magneto-optics measurements in Faraday geometry. Individual QDs are excited with a tunable continuous wave laser tuned to an excited state of the dots or on resonance with the QD s-state 13 . The resulting collected PL is dispersed and filtered by a 1 m double monochromator before being detected by a cooled back-illuminated Si charge-coupled device camera. For measurements of the second order correlation function of the resonant PL, the circularly polarized collected photons are sent in a Hanbury Brown and Twiss (HBT) setup with a time resolution of about 0.7 ns. Under our experimental conditions with counts rates of a few kHz, the photon pair distribution measured with the HBT setup yields the intensity second order correlation function g (2) (τ ). The PL of a 4 monolayers thick Mn-doped CdT e/Cd 0.7 M g 0.3 T e QW is presented in Fig. 1(a) . The thickness fluctuations, and possible inter-diffusion of Cd and Mg, lead to the inhomogeneous broadening of the PL line of the QDs ensemble. The emission of non-magnetic and magnetic individual QDs is spectrally isolated on the low energy side of the broad PL line. The emission of six different strain free Mn-doped QDs observed on such structure are presented in Fig. 1(c) -(h) for an increasing value of the exciton-Mn exchange interaction. A X-Mn overall splitting as large as 3 meV can be obtained in some QDs (Fig.1(h) ). This value of splitting is similar to the maximum splitting that one can observe in magnetic self-assembled CdTe/ZnTe QDs suggesting that in these two QDs systems the carrier-Mn overlap is mainly controlled by the confinement along the QD growth axis. In most of strain free Mn-doped QDs, the bright exciton presents a linearly polarized structure and a significant PL of the dark excitons is usually observed on the low energy side of the neutral exciton emission 14 . Both characteristics are a consequence of the presence of valence band mixing in a low symmetry confinement potential 14 .
III. CARRIER-MN COUPLING IN STRAIN FREE MN-DOPED QUANTUM DOTS.
To extract the value of the carrier-Mn exchange interaction and analyze the presence of valence band mixing in these strain free QDs, the experimental PL spectrum are compared with the exciton-Mn energy levels obtained from the diagonalization of a spin effective Hamiltonian similar to the one used to model the emission of Mndoped self-assembled QDs 3,12-15 . The spin interacting part of the Hamiltonian of a Mn-doped QD describing the coupling of the electron spin σ, the hole spin J, and a Mn spin S reads:
where the hole spin operators, J represented in the basis of the two low energy heavy-hole states, are related to the Pauli matrices τ by J z = 3 2 τ z and J ± = ξτ ± with ξ = −2 √ 3e −2iθ ρ/∆ lh . ρ is the coupling energy between heavy-holes and light-holes split by the energy ∆ lh and θ the angle relative to the [110] axis of the principal axis of the anisotropy responsible for the valence band mixing 14 . I hM n (I eM n ) is the exchange integral of the hole (electron) with the Mn atom. It strongly depends on the position of the Mn atom within the carrier wave function. I eh is the electron-hole exchange interaction which splits the bright and dark excitons and mixes the two bright excitons in the presence of valence band mixing in an anisotropic potential. The last term, H scat , describes the perturbation of the exciton wave function by the hole-Mn exchange interaction 16, 17 . This perturbation depends on the value of the Mn spin S z and it can be represented, using perturbation theory, by an effective spin Hamiltonian H scat = −ηS 2 z with η > 0. The perturbation of the wave function is responsible for the irregular energy spacing of the X-Mn and X 2 -Mn lines observed in self-assembled Mn-doped QDs 16, 17 . A comparison between the calculated X-Mn spectra and the experimental PL data is given in figure 2 for two QDs (QD3 and QD5). The main features of the experimental spectra can be well reproduced by this model. A determination of the hole-Mn (I hM n ), electron-Mn (I eM n ) and electron-hole (I eh ) exchange interaction energies can be obtained thanks to the observation of both bright and dark excitons levels at zero magnetic field ( To explain the dark exciton emission in the X-Mn spec- An effective temperature T ef f =10K is used to reproduce the PL intensity distribution. For the magnetic field dependence of QD5 we use ge=-0.55, g h =0.75 and a diamagnetic shift coefficient
tra, a small valence band mixing term has to be introduced in the model. In strain free QDs, the mixing can only be induced by a shape anisotropy of the confinement potential. For an elongated QD, a hole band mixing appears through the non diagonal term of the KohnLuttinger Hamiltonian 18, 19 . In the presence of such valence band mixing, the h-Mn exchange interaction couples bright and dark excitons and some PL from the dark excitons can be observed 14 . In addition, the e-h exchange interaction can now couple bright exciton states and induce some linear polarization 14 .
As shown in figure 3 , the linear polarization induced by the valence band mixing can be observed in the PL of the neutral and charged Mn-doped QDs. The central lines of the charged excitons coupled to the Mn are linearly polarized. This can be explained by the spin flip interaction between the Mn and the hole induced by the valence band mixing 20 . As presented in the bottom panel of Fig. 3 , the main characteristics (number of emission lines, intensity distribution and linear polarization structure) of the linearly polarized emission spectra can be well reproduced by the spin effective model with a small valence band mixing coefficient and scattering pa- rameter (see table I for the parameters used in the model of QD1 and QD2). This confirms the validity of this spin effective model to describe strain free QDs doped with single Mn atoms. The impact of H scat can be emphasized in QDs with a large carrier-Mn overlap as for example QD6 in Fig. 4 . For this QD, a large asymmetry appears in the emission intensity distribution at zero magnetic field. This asymmetry decreases with the increase of the lattice temperature (Fig. 4(c) ). This is a signature of an efficient thermalization on the X-Mn split states. The significant transfer of population towards the low energy X-Mn levels results from efficient spin-flips within the X-Mn system during the lifetime of the exciton.
This thermalisation process also affects the biexcitonMn emission (Fig. 4(b) ). The perturbation term H scat , used in the model of neutral and charged excitons, induces a splitting of the biexciton-Mn states according to S 2 z . The combination of a large carrier-Mn exchange interaction and of a small energy splitting between the s-state and the first excited states (see figure 4(a)) in interface fluctuation QDs leads to a large perturbation of the excitonic wave functions by the hole-Mn exchange interaction. In the case of QD6, a perturbation term η=20µeV is used to model the irregular energy spacing of the X-Mn PL lines (Fig. 4(d) ). This perturbation is two times larger for the biexciton and induces an overall X 2 -Mn splitting of 240 µeV (energy splitting between S z = ±5/2 and S z = ±1/2). The carrier relaxation mechanisms responsible for the thermalization of X-Mn also takes place within X 2 -Mn. The thermalization produces a decrease of the intensity of the central lines of X 2 -Mn (i.e. corresponding to S z =±1/2). These intensity distributions in the PL of X-Mn and X 2 -Mn can be well reproduced by the spin effective model (Fig. 4(d) ) with an effective Mn spin temperature T ef f =5K.
The analysis of the optical emission of these strain free magnetic QDs demonstrates that they can be used at low temperature (typically below 20K, see Fig. 4(c) ) to optically probe and address any spin state of a Mn atom in a strain free environment. We will show in the following how we can use such QDs to optically pump the coupled electronic and nuclear spins of a Mn atom. (1) to (5)) as the energy of the laser is scanned on the high energy side of the X-Mn spectrum. The blue curve for QD6 is obtained with co-circular excitation-detection. The resonant PL (bold black) is obtained under circularly polarized excitation on the high energy line.
IV. EXCITON-MN SPIN RELAXATION.
An significant exciton relaxation is observed within the X-Mn complex under non-resonant excitation. More detailed information about the spin-relaxation mechanisms of the exciton exchange coupled with a Mn spin can be extracted from the energy and intensity of the PL signal obtained under resonant excitation on the ground state of the X-Mn complex. The spectral distribution of the PL under resonant excitation results from spin-flips processes within the 24 X-Mn levels and a simple thermalization should give rise to a thermal distribution on the intensities of the resonant PL spectrum.
Here, we report resonant PL results for two QDs presenting a very different carrier-Mn overlap (QD3 and QD6). In contrast to strained CdTe/ZnTe Mn-doped self-assembled QDs, a large PL signal is observed under resonant excitation on X-Mn in these strain free QDs. We will see in the next section that this results from the absence of optical pumping of the Mn spin at zero magnetic field. This is particularly interesting for a study of the X-Mn dynamics: the optical transition that is resonantly excitated is always absorbent and the energy of the re-emitted photons reveals the fastest spin relaxation channels. Figure 5 presents the PL excitation spectra (PLE) detected on the low energy lines of X-Mn while the excitation laser is scanned on the high energy side of the spectrum. Corresponding resonant PL spectra obtained under excitation on the high energy line are also displayed and compared with non-resonant PL spectrum presented at the bottom of each panel. From these PLE and resonant PL spectra, it follows that the most efficient spinrelaxation channels within the X-Mn system corresponds to a spin-flip of the exciton with a conservation of the Mn spin. For instance, a resonant excitation on the high energy line in σ+ polarisation (excitation of S z =+5/2) gives a maximum of emission in the low energy line in opposite circular polarization (detection of S z =+5/2). In this spin-flip process, the exchange interaction with the magnetic atom can be considered in first approximation as a source of an effective quasi-static magnetic field giving rise to a splitting of the exciton. The relaxation of the bright excitons is then dominated by the interaction with acoustic phonons. Like in a large magnetic field, this spin relaxation process is enhanced by the large exciton splitting induced by the exchange interaction with the Mn spin [21] [22] [23] . Less efficient but still significant excitation transfers between levels corresponding to different spin states of the Mn are also observed especially in QDs with a large X-Mn splitting (QD6 in Fig. 5 ). These transfers under resonant excitation corresponds to the spin-flip channels required for a resonant optical pumping of the Mn spin.
V. RESONANT OPTICAL PUMPING OF A MN SPIN IN A STRAIN FREE QUANTUM DOT.
The very weak value of the crystal field splitting of the Mn expected in these strain free QDs is revealed by the longitudinal magnetic field dependence of the resonant PL intensity. As presented in figure 6 , for a cross circularly polarized excitation and detection on the high and low energy lines of X-Mn (see inset of Fig. 6(c) for the excitation/detection configuration), a significant intensity of resonant PL is only observed for a longitudinal magnetic field lower than a few tens of mT. As a magnetic field is applied in the Faraday configuration, the resonant PL intensity abruptly decreases (Fig. 6(a) ). A clear asymmetry is also observed in the magnetic field dependence of this resonant PL signal around zero Tesla. Under σ− excitation on the high energy line and σ+ detection on the low energy line (i.e. excitation and detection of S z =-5/2), the maximum of resonant PL intensity is slightly shifted towards positive magnetic fields and the decrease of the intensity is faster for negative magnetic fields (black curve in Fig. 6(b) ). The situation is reversed for swapped excitation/detection circular polarizations (red curve in Fig. 6(b) ).
This magnetic field dependence of the resonant PL is a consequence of the fine and hyperfine structure of the Mn atom on its optical pumping. To model this behaviour we consider the dynamics of the coupled electronic and nuclear spins of the Mn including a possible weak residual crystal field splitting. The fine and hyperfine Hamilto- nian of a Mn atom in a CdTe layer grown along [001] axis is known from magnetic resonance measurements 26 and reads:
where A is the hyperfine coupling (A ≈ +0.7µeV ) 27 between the electronic (S=5/2) and nuclear (I=5/2) spins. The second term, a = 0.32µeV 27 comes from the cubic symmetry of the crystal field and mixes different S z of the Mn spin. The deviation from the cubic symmetry due to strains in the QD or the presence of any other anisotropy at the Mn location are described by the additional crystal field terms D 0 and E. D 0 is the dominant term for a Mn atom in a highly strained self-assembled QD. It splits the Mn spin states according to S 2 z and it is responsible for the long Mn spin life time at zero field 6 . Different S z of the Mn are coupled by the non-diagonal terms of H M n . For instance, the hyperfine terms A couples two consecutive Mn spin states through an electronnuclei flip-flop. An anisotropy of the Mn site also couples Mn spin states S z separated by two units through the crystal field term E(S 2 x − S 2 y ). In the absence of magnetic anisotropy (weak value of D 0 ), all these coupling terms at zero magnetic field prevent the optical pumping of the electronic Mn spin.
The dynamics of the coupled electronic and nuclear spins of the Mn is controlled by the time evolution of H M n and the electronic Mn spin relaxation time τ M n . The nuclear spin relaxation is considered to be longer than the timescale of all the other spin relaxation mechanism discussed here. To describe the magnetic field dependence of the resonant PL, we extend here the model presented in reference 30 . The exciton states |J z = −1, S z = −5/2, I z are laser coupled to the Mn states |S z = −5/2, I z . For a general description, valid from the low to the high optical excitation intensity regime, we consider that the resonant laser field induces a coherent coupling between the ground Mn spin state and the exciton state described by a Rabi energyhΩ R . A pure dephasing time τ d (i.e. not related to an exchange of energy with a reservoir) is introduced for the exciton state. The X-Mn complex can relax its energy along a Mn spin conserving channel with a characteristic time τ r (optical recombination of X) or along channels including a relaxation of the Mn spin with a spin flip time τ relax . The parameter τ relax is a simplified effective way to describe the complex X-Mn spin dynamics at the origin of the optical pumping mechanism 15, 28 . With this level scheme, we can compute the steady state population 30 of the resonantly excited exciton level ρ |Jz=−1,Sz=−5/2,Iz . This population is proportional to the intensity measured in the resonant PL experiment. The evolution under longitudinal magnetic field of the calculated population of the exciton states |J z = −1, S z = −5/2, I z is presented in Fig. 7 for different values of the crystal field anisotropy D 0 and with E=D 0 /3. We chose E=D 0 /3 to obtain the maximum rhombic splitting and no preferential axial symmetry for the Mn environment 32 . The main feature of the magnetic field dependence of the resonant PL observed experimentally (i.e. the width, the asymmetry and shift of the maximum from B=0T) can be well reproduced with D 0 in the 1-2µeV range (Fig. 7(a) ).
For a qualitative understanding of the behaviour of the resonant PL, we can look at the magnetic field dependence of the fine and hyperfine structure of the Mn atom (Fig. 7(c) ). For a negative magnetic field, the state S z =-5/2 is shifted away from the other Mn spin states: the electron-nuclei flip-flops are blocked, the optical pumping is restored within a few mT and the resonant PL signal decreases abruptly. For a positive magnetic field of a few mT, the state S z =-5/2 is pushed to lower energy across the other Mn spin states. All the non-diagonal terms of H M n (in particular A and E terms) mixes the different S z and prevent the optical pumping of the electronic spin of the Mn. To restore the optical pumping, a larger positive magnetic field is needed. This explains that for a resonant excitation on S z =-5/2, the drop of the resonant PL intensity is slower for positive magnetic fields. The magnetic field dependence is reversed for an optical excitation of S z =+5/2 (i.e opposite circular polarization for the excitation). For large positive or negative magnetic fields, the Zeeman splitting of the Mn (controlled by g M n =2) dominates the hyperfine coupling and all the crystal field terms. The Mn spin is quantized along the direction of the applied magnetic field, the optical pumping efficiency increases and the resonant PL vanishes.
The Mn atoms are introduced in a thin CdTe layer that is coherently grown on a CdTe substrate. The first expectation would be that D 0 =0. However, a residual crystal field in the µeV range has to be introduced in the model to explain the experimental resonant PL data. For an axial crystal field (i.e. E=0), the calculated magnetic field dependence of the resonant PL is narrower and less asymmetric than in the experiment (Fig. 7(b) ). This suggests that the remaining small crystal field felt by the Mn atom in our structure has no axial symmetry but arises from a more disordered environment. This crystal field could arise from an alloy composition fluctuation around the Mn atom. One should then keep in mind that the Mn atoms are located in a CdTe layer that is only 4 monolayers thick and surrounded by Cd 0.7 Mg 0.3 Te barriers. A Mn atom interacting with a confined exciton is always close to the barrier and the substitution of some Cd atoms by Mg atoms in the vicinity of the Mn reduces the symmetry of the local electric field and can induce weak crystal field terms D 0 and E 24, 33 . While further investigations would be needed to fully understand this point, we observe that D 0 is positive as one could expect from the lattice parameter difference between MgTe and CdTe: MgTe has a smaller lattice parameter than CdTe, so the presence of a Mg atom in the vicinity of the Mn induces a local reduction of the lattice parameter and then a positive crystal field term 27 .
As presented in Fig. 7(d) , the magnetic field dependence of the resonant PL is observed in a broad range of excitation intensities. However, the width of the resonant PL peak and the residual background of resonant PL increase with the increase of the excitation intensity. This reflects a reduction of the optical pumping efficiency at high excitation power. This reduction at high excitation power is likely due to a perturbation of the Mn spin by the additional non-resonant injection of free carriers that decreases the Mn spin memory 25 . 
VI. DYNAMICS OF THE RESONANT PHOTOLUMINESCENCE OF X-MN.
The dynamics resulting from the coupling of the electronic and nuclear spins of the Mn in this weak crystal field can be observed in the second-order correlation function of the resonant PL signal of X-Mn. Such experiment in strain free Mn-doped QDs is made possible by the ab-sence of optical pumping of the Mn at zero magnetic field and the resulting large resonant PL intensity.
We performed auto-correlation of the resonant PL using an HBT set-up 25 with a time resolution of about 0.7 ns. In these start-stop experiments, the detection of the first photon indicates by its energy and polarisation that the Mn spin has a given orientation. The detection probability of a second photon with the same energy and polarisation is then proportional to the probability of conserving this spin state. The time evolution of this intensity correlation signal is a probe of the spin dynamics of the Mn atom and of the X-Mn complex. (2) and (3) in Fig. 6 ). The black curve corresponds to the PL decay of the biexciton in QD6 where no contribution of the dark exciton at long time delay is observed.
Examples of excitation power dependence of the autocorrelation of the resonant PL are given in figure 8 for two QDs with a very different exciton-Mn overlap (QD3 and QD6). The data are obtained under cross-circular excitation an detection on the high and low energy lines of X-Mn respectively (experimental configuration illustrated in the inset of Fig. 6(c) ). With this configuration, we resonantly excite and detect the same spin state of the Mn (either S z =+5/2 for a σ+ excitation or S z =-5/2 for a σ− excitation).
The auto-correlation signal presents first a dip near zero delay characteristic of a single-photon emitter. The width of this antibunching signal is given by the lifetime of the emitter (inset of Fig. 8(b) ) and the generation rate of excitons. Its depth is limited here by the time resolution of the HBT setup. In addition, the large bunching at short delays reveals a significant PL intermittency. The width and the amplitude of the bunching decreases with the increase of the excitation intensity. The decrease of the amplitude of this bunching signal in a transverse magnetic field of a few tens of mT ( Fig. 9(a) ) confirms that the PL intermittency results mainly from fluctuations of the Mn spin.
To model this bunching signal, we have to take into account the spin dynamics of the Mn and X-Mn. In a simplified level scheme, we neglect the hyperfine splitting within the X-Mn complex and we consider that a single exciton state, |J z = −1 , is laser coupled to the Mn spin states |S z = −5/2, I z with a generation rate g. The dynamics of the Mn spin in an empty QD is described by the time evolution of H M n and the relaxation time τ M n describing the coupling by spin-flips of one unit the different spin states S z .
The 24 X-Mn levels are obtained from the diagonalization of H XM n . X-Mn can optically recombine along a Mn spin conserving channel with a lifetime τ r for the bright exciton or τ nr for the dark exciton. X-Mn can also relax along channels involving a change of the spin by one unit with a characteristic time τ XM n . This relaxation path, combined with an optical recombination of the exciton, permits a transfer of population from the exciton state |J z = −1, S z = −5/2 to any other spin state of the Mn S z . To describe the main X-Mn spin relaxation channel revealed by the resonant PL spectra (i.e relaxation of the exciton with conservation of the Mn spin observed in Fig.5 ), we consider a transfer rate between bright excitons with a characteristic time τ X .
At finite temperature, the intraband relaxation rates Γ γ→γ between the different states of the X-Mn complex depend on their energy separation
Here we use Γ γ→γ =1/τ i if E γγ < 0 and
29 . This describes a partial thermalization among the 24 X-Mn levels during the lifetime of the bright or dark excitons, as observed experimentally (see Fig. 4 ).
In this model we also consider that for a magnetic field lower than a few hundreds mT, the Zeeman energy of the exciton can be neglected since it is much smaller than the X-Mn exchange interaction. We only take into account the effect of the magnetic field on the Mn in the empty QD (last term of H M n ).
Using this level scheme, we can calculate the time evolution of the 60x60 density matrix describing the population and the coherence of the 36 states of the Mn alone (empty QD described by H M n ) and the 24 X-Mn states described by H XM n . To model the auto-correlation of the resonant PL, the initial state of the system is set to |S z = −5/2, I z and one monitors the time evolution of the population of |J z = +1, S z = −5/2 (low energy line) for an excitation of |J z = −1, S z = −5/2 (high energy line) with a generation rate g. When normalized to one at a long time delay, this time evolution accounts for the auto-correlation function of the transition associated with the level |J z = +1, S z = −5/2 . Auto-correlation signals calculated with and without transverse magnetic field are presented in Fig. 9(b) . In a weak transverse magnetic field (inset of Fig. 9(b) ), the auto-correlation displays small oscillations at short delay due to the precession of the Mn electronic spin. The limited time resolution of the HBT setup prevents the observation of these oscillations. To take into account this time resolution, the calculated curves are convoluted with the response of the system (Fig. 9(b) ). As in the experiment, the calculated auto-correlation presents a large bunching at short time delay with a typical half width at half maximum of about 4 ns. This short Mn spin memory is due to its precession in the hyperfine field of its nuclei 31 . At low excitation intensity and at zero magnetic field, the width of the experimental photon bunching is well reproduced by the model. In a weak transverse magnetic field, the amplitude of the bunching signal decreases significantly. The transverse magnetic field dependence of the shape of the calculated bunching signal (width and amplitude) is in qualitative agreement with the experiment (Fig. 9) . A magnetic field of a few tens of mT has no effect on the X-Mn system and do not change the contribution of the X-Mn dynamics on the bunching amplitude. The observed and calculated decrease of the bunching amplitude is then induced by the precession of the Mn spin in the transverse magnetic field when the QD is empty. This confirms that in our experiments the bunching signal at zero field is mainly controlled by the dynamics of the coupled electronic and nuclear spins of the Mn in a weak residual crystal field.
The width of the bunching signal measured at low excitation power is in good agreement with the calculated Mn spin dynamics. However, at high excitation intensity a reduction of the width and the amplitude of the bunching is observed (Fig. 8) . This reduction cannot be explained by the presented model and it likely comes from a perturbation of the Mn spin by non-resonantly injected free carriers in the vicinity of the QD. A similar increase of the Mn spin relaxation rate was already observed for much confined CdTe/ZnTe QDs under nonresonant excitation 25 .
VII. CONCLUSION
We have incorporated and optically probed individual Mn atoms in strain free CdTe QDs formed by interface fluctuations in thin quantum wells. Despite the weak lateral confinement and a possible valence band mixing induced by an anisotropic shape of the confinement potential in these natural QDs, we have shown that an individual Mn atom can be optically addressed by a resonant optical excitation. Magnetic field dependence and autocorrelation of the photoluminescence signal obtained under resonant excitation of the QD ground state show that, in these strain free structures, an isolated Mn atom experiences a residual weak crystal field splitting likely due to local alloy fluctuations. An efficient optical pumping the Mn spin is obtained under a weak magnetic field in the Faraday geometry.
Despite this residual crystal field, strain free magnetic QDs are promising systems to probe the coherent dynamics of the coupled electronic and nuclear spins of a Mn atom in zero or weak magnetic field. These strain free Mn-doped QDs could also be included in photonic structures such as optical planar micro-cavities to increase the number of collected photons and their interaction with light. This would open the possibility to realize an optical coherent control of an individual Mn spin in a weak transverse field using the optical Stark effect or to probe and control the dynamics of the nuclear spin of the Mn atom.
